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Abstract
For the purpose of investigating their structural and optical properties, GaSb thin ﬁlms and
GaSb/AlSb multiple quantum well (MQW) structures were grown on Si(111) substrates. A
GaSb/AlSb MQW structure was also grown on Si(001) substrate as a control sample. Surface
morphologies and a XRD measurements of GaSb ﬁlms grown on Si(111) substrates showed that
the GaSb ﬁlm with a 5 nm thick AlSb initiation layer has good crystal quality. Observation of the
RHEED patterns of both MQWs suggests that both GaSb ﬁlms are under tensile strain at growth
temperature. In-plane XRD measurement of MQW on Si(111) showed that the (111) face of
the GaSb ﬁlm is aligned to the Si(111) surface upon rotation by 30◦. Photoluminescence (PL)
spectra consisting of two peaks at 1250 ∼ 1400 nm were observed for both MQWs.
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1. Introduction
Narrow bandgap III-Sb semiconductors have attracted much interest because of their bandgap
energies which are close to the wavelength required for infrared optical communication systems.
The heteroepitaxial growth of III-Sb semiconductors on silicon substrate aﬀords the possibility
of integration of Sb-based MQW structures with the ubiquitous silicon for newer photonics ap-
plication. We have reported the molecular beam epitaxy (MBE) growth of GaSb/AlGaSb Type-I
MQW structures on Si(111) and Si(001) substrates and comparison of their optical properties
[1, 2]. However, more investigations are required for the growth of GaSb ﬁlms and Sb-based
MQW structures because some growth issues such as optimum AlSb initiation layer [3] thick-
ness are not clear yet.
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In this work, GaSb thin ﬁlms on Si(111) substrates with diﬀerent AlSb initiation layers of
diﬀerent values of thickness were grown to clarify the optimum AlSb thickness for GaSb ﬁlms
on Si(111) substrates. GaSb/AlSb rather than GaSb/AlGaSb MQW structures were fabricated
both on Si(111) and Si(001) substrates at same growth condition to compare their structural and
optical properties.
2. Experimental
Figure 1: The structure of MQW sample.
The samples were grown by ULVAC solid-source
MBE. Prior to growth, the Si substrates to be used were
degreased, etched and rinsed in a standard manner. The
substrate holder was ﬁrst degassed at 300 ◦C for 30 min
followed by substrate thermal cleaning at 730 ◦C for 15
min. Each layer deposition was carried out at a constant
substrate temperature of 500 ◦C. The V/III beam equiva-
lent pressure ratios (BEPRs) were ∼38 and ∼20 for AlSb
and GaSb, respectively. The entire growth was moni-
tored in-situ by reﬂection high-energy electron diﬀraction
(RHEED) observation.
Firstly, 100 nm GaSb thin ﬁlms using AlSb initiation layer of varying thickness together
with 100 nm and 500 nm GaSb ﬁlms without AlSb initiation layer were fabricated to determine
the optimum thickness of AlSb initiation layer needed for the growth on Si(111) substrate. The
samples with MQW structure shown in Fig. 1 were then grown. The thicknesses of GaSb well
layer and AlSb barrier layer in these MQW structures are designed to obtain a ∼1.3 μm emission.
Plan-view and cross sectional SEM measurements, out-of-plane and in-plane HR-XRD mea-
surements using Rigaku RINT Ultima III were performed to investigate the structural properties
of these MQW structures. PL measurements at 16 K ∼ 300 K were also carried out to investigate
the optical properties using a 532 nm second-harmonic line of an Nd:YVO4 laser and InP/InGaAs
photomultiplier (Hamamatsu Photonics, R5509-73).
3. Results and discussion
3.1. GaSb thin ﬁlms
Figure 2: The Plan-view SEM images of the GaSb thin ﬁlm surfaces.
GaSb epitaxial ﬁlms grown on
at least 5 nm thick AlSb initiation
layers exhibited streaky RHEED pat-
terns during the growth. On the
other hand, samples grown directly
on Si(111) substrates without using
AlSb initiation layer exhibited rather
spotty RHEED patterns. The results
of surface morphology investigation
is shown in Fig. 2. The GaSb epitax-
ial ﬁlms (Samples A and B) grown
directly on the Si(111) substrates in-
dicated rough surfaces as expected from the observed spotty RHEED patterns. On the other
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hand, the GaSb epitaxial ﬁlms grown using 5 nm, 10 nm and 20 nm-thick AlSb initiation layers
indicated ﬂat and smooth surfaces suggesting that at least 5 nm-thick AlSb initiation layer is
required to obtain good surface morphology. As we would be using a 5 nm-thick AlSb initiation
layer, the reported optimum AlSb thickness [3] for the growth of the MQW structure on Si(001)
substrate, we have also chosen the same thickness value of AlSb initiation layer for the growth
on Si(111) substrate to facilitate a more valid comparison.
3.2. GaSb/AlSb MQW structure
Figure 3: RHEED patterns during growth of
MQW structure on Si(111) substrates.
Figure 4: RHEED patterns during growth of
MQW structure on Si(001) substrates.
Both the MQW samples have mirror surface although
MQW on Si(001) is a little cloudy.
Figures 3 and 4 show the RHEED patterns; (a1) and
(b1): before deposition; (a2) and (b2): after AlSb initi-
ation layer deposition; (a3) and (b3): after deposition of
AlSb layer of MQW; and (a4) and (b4): after deposition
of GaSb layer of MQW observed during the MQW struc-
tures growth on Si(111) and Si(001) substrates, respec-
tively. All patterns were obtained at growth temperature
of 500 ◦C. Figures 3(b1) through (b4) were observed upon
30◦ rotation from azimuth where the corresponding ﬁgures
3 (a1) through (a4) were obtained. Figures 4 (b1) through
(b4), on the other hand, were observed upon 45◦ rotation
from the azimuth where the corresponding ﬁgures 4 (a1)
through (a4) were obtained. The ratios y111i /x
111
i ≈ 1.72
and y001i /x
001
i ≈ 1.43 are close to
√
3 and
√
2 respectively.
The values of x111i , y
111
i and x
001
i , y
001
i (i = 1 ∼ 4) denote
the horizontal distances between RHEED patterns shown
in ﬁgures 3 and 4, respectively. These relations are consis-
tent with the structures of the Si(111) and Si(001) surfaces.
Spotty patterns were observed during AlSb initiation layer
deposition on both Si(001) and Si(111) substrates. How-
ever, the pattern shown in Fig. 3(a2) appears streakier than
the one shown in Fig. 4(a2). For both ﬁgures 3 and 4,
the horizontal distance x2 between the RHEED spots ob-
served during the growth of the AlSb initiation layer is
almost equal to x3 and x4 which are the distance between
main RHEED streaks observed during the growths of AlSb
layer and GaSb layer of the MQW, respectively. The same
can be said for y2, y3 and y4 of both ﬁgures 3 and 4. The
ratio x1114 /x
111
1 ≈ y1114 /y1111 is 0.87. The lattice parameter
of GaSb (a111GaSb) at 500
◦C is evaluated to be 6.25 Å on the
assumption that reciprocal values of a111GaSb, aSi are propor-
tional to x1114 , y
111
4 and x
111
1 , y
111
1 respectively and aSi at 500
◦C is 5.44 Å. The value of a111GaSb is ∼2 % larger than the
GaSb lattice parameter without strain at 500 ◦C which is
6.12 Å. This observation suggests that the GaSb epitaxial
ﬁlm on Si(111) substrate is under tensile strain. Similarly
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Figure 5: Plan-view SEM images of (a) MQW grown on Si(111) and (b) MQW grown on Si(001) substrates.
the value of a001GaSb was evaluated to be 6.18 Å and ∼1 % larger than the GaSb lattice parameter
without strain. The ×2 RHEED patterns shown in Fig. 3(a3) observed during the MQW AlSb
deposition transformed into ×3 RHEED patterns shown in Fig. 3(a4) during the MQW GaSb
deposition suggesting diﬀerent surface reconstruction for AlSb and GaSb layers.
From the cross sectional SEM investigation, the total thickness of MQW with GaSb buﬀer
layer are 441 nm for MQW on Si(111) and 465 nm for MQW on Si(001). These thickness values
are respectively 2.5 % and 8.0 % larger than designed value. Figure 5 shows plan-view SEM
images of MQWs grown on Si(111) and Si(001) substrates. The surface morphology of MQW
on Si(111) show peculiar geometric pattern with three fold symmetry which may be related to
the Si(111) surface structure and also observed from the surface of a 500 nm GaSb ﬁlm grown on
Si(111) substrate [2]. On the other hand, no geometric patterns were observed in MQW surface
on Si(001) surface although there were ∼0.9 μm−2 pits.
Figure 6 shows the in-plane φ scan XRD patterns of (a) GaSb layer and (b) Si(111) substrate.
The angles 2θχ were set to 76.52◦ and 88.04◦ for (4¯22) diﬀraction peak of GaSb and Si crystals,
respectively. GaSb and Si(4¯22) peak and equivalent peaks were observed every 60◦ rotation. The
angle between the GaSb(4¯22) and Si(4¯22) is 30.3◦ ≈ 30◦ taking into account the diﬀerence of di-
 
Figure 6: In-plane φ scan XRD patterns of (a) GaSb and
(b) Si(111) substrate.
Figure 7: XRD patterns of MQWs grown on (a) Si(111)
and (b) Si(001) substrates. Numerical simulation results
are also shown.
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rections of scattering vector between the GaSb and Si substrate measurements. This observation
clearly indicates that GaSb(111) surface is aligned to Si(111) surface upon rotation by 30◦ [4].
Figure 7 shows ω/2θ scan of MQWs around GaSb(333), GaSb(004) peaks. Satellite peaks
due to periodic structure of MQW were observed in both MQWs. The angles between 0th and
-1th satellite peaks suggest that the values of thickness of one period twell + tbarrier are 24.1 nm
and 24.8 nm, respectively for the growth on Si(111) and Si(001) substrates. Using these values
and total thickness obtained from the cross-sectional SEM investigations, the thicknesses twell
and tbarrier of MQWs on Si(111) and Si(001) are calculated to be 6.5 nm, 17.6 nm and 6.9 nm,
17.9 nm, respectively. Computer simulation results using those values of twell and tbarrier are also
shown in Fig. 7. Neglecting the strain the positions of the GaSb buﬀer layer diﬀraction peaks
represented by grey curves are slightly shifted from the experimentally obtained position of the
GaSb diﬀraction peaks. Applying lattice strain values -0.1 % and +0.1 % to a111GaSb and a
111
AlSb, and
-0.2 % and +0.2 % to a001GaSb and a
001
AlSb, respectively, simulation results represented by the black
curves are in good agreement with the experimental results. These results suggest that the GaSb
layers are under tensile strain even at room temperature.
Figure 8: PL spectra of (a) MQW on Si(111) and (b)
MQW on Si(001) at 16 K.
Figure 8 shows the PL spectra of MQWs on
Si(111) and Si(001) substrates at 16 K. Around
∼1.3 μm emission were observed from both the
MQWs. The PL spectrum of MQW on Si(001)
can be decomposed into two gaussian compo-
nents A and B. It is likely that the peak B is
an extrinsic luminescence due to impurities or
lattice defects. Figures 9 and 10 show the de-
pendence of PL peak energies on the well width
and temperature. Numerical calculation results
using ﬁnite square well potential model are also
plotted. Calculation details was explained in
our previous report [2]. The temperature de-
pendence of Eg of AlSb was modiﬁed to
EAlSbg (T ) = 1.698 − 4.71 × 10−4
T 2
T + 195
[eV]
PL peak energies of MQW on Si(111) were ∼0.1 eV lower than the results from numerical
calculations in contrast to the PL peak energies of MQW on Si(001) which were relatively in
good agreement with the calculated values. The origin of this deviation are not clear yet and
more studies regarding the eﬀects of lattice strain and anisotropy of eﬀective mass of electron
and holes in well and barrier layers are required.
4. Conclusion
For GaSb ﬁlms on Si(111) substrates our results suggests that at least 5 nm thick AlSb initi-
ation layer is necessary to obtain GaSb ﬁlms of good crystalline quality. MQW structures using
5 nm AlSb initiation layer were fabricated on Si(111) and Si(001) substrates. RHEED investiga-
tions revealed that GaSb ﬁlms suﬀer tensile strain at growth temperature. In-plane φ scan XRD
conﬁrmed the 30◦ rotated growth of GaSb on Si(111) substrate. Satellite peaks derived from
the periodic structure of the MQW were observed from the ω/2θ scan XRD proﬁles. Computer
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Figure 9: Dependence of PL peak energy on well width of
MQW at (a) 16 K and (b) 300 K. Solid and dashed curves
show numerical simulation results.
Figure 10: Dependence of PL peak energy on temperature.
Numerical simulation using twell are also presented.
simulation results for these XRD patterns suggested that the GaSb ﬁlms is under tensile strain at
room temperature. Both MQW samples showed PL emission around ∼1.3 μm consisting of two
peaks. The peak energies of the PL spectrum of MQW on Si(111) is diﬀerent from numerical
calculation by ∼0.1 eV. More detailed investigations with respect to eﬀects of lattice strain and
anisotropy of eﬀective mass of electron and holes in well and barrier layers are required.
Acknowledgment
The authors would like to thank Prof. K. Oishi and the technical staﬀs of Nagaoka National
College of Technology for letting them use the Ultima III Rigaku HR X-ray diﬀractometer.
[1] H. Toyota, T. Yasuda, T. Endoh, Y. Jinbo, N. Uchitomi, Phys. Stat. Sol. (c) 5 (2008) 2769–2771.
[2] H. Toyota, T. Yasuda, T. Endoh, S. Nakamura, Y. Jinbo, N. Uchitomi, J. Cryst. Growth 311 (2009) 802–805.
[3] K. Akahane, N. Yamamoto, S. Gozu, N. Ohtani, J. Cryst. Growth 264 (2004) 21.
[4] T. Nguyen, W. Varhue, M. Cross, R. Pino, E. Adams, M. Lavoie, J. Lee, J. Appl. Phys. 101 (2007) 073707.
1350 H. Toyota et al. / Physics Procedia 3 (2010) 1345–1350
